The striatum has been identified as a new target for therapeutic deep brain stimulation in the treatment of neurological and psychiatric disorders. The nonhuman primate model offers opportunities for detailed mapping of the behavioral effects of stimulation within the striatum. We recently showed that dysfunction in the dorsal and ventral striatum was able to produce a specific pattern of abnormal movements and behavioral states. In the present study, electrical stimulation of monkey striatum evoked abnormal movements and behavioral states depending not only on the location of stimulation sites but also on the parameters of stimulation. Abnormal movements were induced by stimulation of sites in the anterior associative and posterior sensorimotor striatum. Short-train stimulation evoked myoclonic-like movements and longtrain stimulation produced sustained dystonic-like and complex abnormal movements. Long-train stimulation of the anterior part of the striatum, corresponding to the associative--limbic territory, induced 3 abnormal behavioral states-hyperactivity, hypoactivity, and stereotyped behaviors. Short-train stimulation was less effective in producing these effects. No significant effects were observed with the continuous mode of stimulation. Our results show that discontinuous long-train stimulation of the anterior associative and limbic parts of the striatum is the most effective mode of stimulation to produce these behavioral states.
Introduction
The ability to elicit movements using electrical stimulation of the posterior, sensorimotor part of the putamen in monkeys has already been described (Alexander et al. 1985a (Alexander et al. , 1985b Crutcher and Alexander 1990) . However, electrical stimulation of other striatal regions has yielded somewhat contradictory results. Some studies reported no behavioral effect of stimulation (Ohye et al. 1976; Alexander et al. 1985a) , while others reported arrest of eating behavior and motor task execution (Kitsikis 1968; Lineberry and Siegel 1971) and vocalizations (Ju¨rgens 1976) following caudate nucleus stimulation.
The discrepancy in the results could be related to differences in the location of the stimulated regions relative to the different functional territories of the striatum and/or to differences in the stimulation parameters used in the studies. First, previous studies did not explicitly assess the relationship between behavioral effects of electrical stimulation and the anatomically and functionally distinct striatal subregions (Flaherty and Graybiel 1994; Haber et al. 1995; Haber and McFarland 1999) . In contrast, we recently showed that pharmacological activation of the specific subregions of the anterior striatum in monkeys could produce movement or behavioral disorders depending on the functional territory ). In addition, in patients with neuropsychiatric disorders, existing data suggest that deep brain stimulation (DBS) of the dorsal and ventral striatum could differentially influence behavioral expression (Aouizerate et al. 2009; Flaherty et al. 2005; Greenberg et al. 2010) . In particular, different adverse behavioral effects were reported with DBS applied to the ventral striatum (fear, panic attack, apathy, and depression; Flaherty et al. 2005; Shapira et al. 2006; Okun et al. 2007 ) versus DBS applied to the dorsal striatum (hypomanic state; Flaherty et al. 2005) .
A second set of factors that could contribute to the discrepant results reported for electrical stimulation of the striatum are the parameters used for delivering the stimulation. Thus, variations in the current intensity and current spread, as well as the train duration of electrical stimulation, could alter the expression of a stimulation effect, as previously described for motor (Graziano et al. 2004 ) and parietal (Cooke et al. 2003) cortex stimulation in monkeys. In addition, electrophysiological data on the anterior striatum in monkeys show that movements are preceded by anticipatory neuronal activity, characterized by a progressive buildup of neuronal activity of a large set of striatal neurons followed in many cases by an abrupt cessation of activity after the response was performed Romo 1988, 1992) . Thus, we hypothesized that the duration of the stimulation train might well explain much of the discrepancy between the behavioral effects reported in previous studies on electrical stimulation of the striatum. We also hypothesized that long-train stimulation could be more effective in producing behavioral effects, as suggested by electrophysiological data.
Since the ability of electrical stimulation to evoke movements has already been clearly documented (Alexander et al. 1985a (Alexander et al. , 1985b Crutcher and Alexander 1990) , our experiments mainly addressed the behavioral effects of stimulation of the anterior striatum, with specific reference to the dorsal and ventral parts.
Materials and Methods
Experiments were conducted on 4 male fascicularis monkeys (Macaca fascicularis). Care and treatment of these monkeys (hereafter referred to as B, C, S, and Z) were in strict accordance with NIH guidelines (1996) and the recommendations of the EEC (86/609) and the French National Committee (87/848).
Surgical Procedure
Details of the surgical procedures are described in Grabli et al. (2004) . Briefly, in each of the 4 monkeys a rectangular chamber was stereotaxically implanted on the interhemispheric line under gaseous anesthesia. The skull under the chamber was removed but the dura mater was left intact. The chamber was positioned with respect to the anterior (AC) and posterior commissure (PC) coordinates obtained from T 1 -and T 2 -weighted magnetic resonance imaging scans (1.5 T) in such a way that at least 6 mm of the striatum were accessible for electrode penetration anterior to and 4 mm posterior to the AC.
Neuronal Recording and Electrical Stimulation Parameters
Neuronal activity was recorded using epoxylite-insulated tungsten microelectrodes (FHC; stem with an outer diameter of 200 lm, standard tip condition and an impedance of 2.0--4.0 MX), placed in the guide cannula, and fixed on the mechanical microdrive. The striatum was identified by its characteristic low neuronal activity ).
Electrical stimulation was performed in 1-mm steps inside the striatum, from dorsal to ventral and from medial to lateral parts of the striatum (Fig. 1C) . To explore the different functional territories of the striatum, 2 general regions were chosen-the anterior striatum (from AC + 6.0 to AC + 2.5), corresponding to the associative and limbic functional territories and the posterior striatum (AC -2.0), corresponding to the sensorimotor territory (Fig. 1B) . Stimulation of the anterior striatum was performed in all 4 monkeys. Stimulation of the posterior striatum was performed in one monkey to confirm the consistency of the experimental results with those of previous studies (Alexander et al. 1985a (Alexander et al. , 1985b Crutcher and Alexander 1990) . The standard daily experimental schedule included one penetration at the chosen coordinates with step-by-step stimulation of striatal sites. To control for order effects in the repeated stimulation across a session, we varied the order of stimulation from dorsal to ventral or from ventral to dorsal striatal sites for different electrode penetrations.
Electrical stimulation was applied by DAM WPI 5 stimulator and displayed on an oscilloscope. Each striatal site was explored with parameters chosen on the basis of previous reports (Ju¨rgens 1976; DeLong 1985a, 1985b) : this stimulation was composed of a train of biphasic pulses (pulse duration 0.3 ms, frequency of 200 Hz); current intensity of either 200 lA or 400 lA, train duration of 700 ms (i.e., long-train stimulation) with an intertrain interval of 300 ms.
To explore the effect of the stimulation parameters, we also used 100-ms train duration stimulation (i.e., short-train stimulation) with a 900-ms intertrain interval, as used by Alexander and DeLong (1985a, Figure 1 . Schematic presentation of striatal sites explored with electrical stimulation: (A) calbindin staining of explored striatal levels; (B) diagrams of functional territories of explored striatal levels; (C) maps of all striatal sites tested with electrical stimulation. AC, anterior commissure; Acc, associative functional territory; Acc/Lim, associative--limbic functional territory; Lim, limbic functional territory; NC, caudate nucleus; Pu, putamen; SM, sensorimotor functional territory; black dashes, sites of electrical stimulation; green symbols, sites with abnormal movement effect; yellow symbols, sites with hyperactive state effect; red symbols, sites with stereotyped behavior effect; and blue symbols, sites with hypoactive state effect. Smaller symbols indicate the sites where an effect was induced at the lower stimulus amplitude (200 lA) and larger symbols indicate that an effect was seen only at the higher amplitude stimulation (400 lA). Each monkey is represented by a geometric symbol: Monkey B, circle; Monkey C, rhombus; Monkey S, rectangle; and Monkey Z, triangle.
1985b) to induce movements in posterior putamen. Continuous stimulation (no interruption of the train of impulses) with a frequency of 200 Hz, close to the stimulation mode of DBS, was also used. We chose to use the frequency of 200 Hz for the continuous mode rather than 130 Hz, typically used in DBS in patients, to vary only the mode of stimulation (and not the frequency) between our 3 experimental conditions: shorttrain, long-train, and continuous mode. Moro et al. (2002) have shown that high-frequency stimulation from 120 to 250 Hz produces the same level of improvement of Parkinson's disease symptoms.
The experimental schedule was the same for each site and for each stimulation mode (long-train, short-train, and continuous mode). We started with a control condition with stimulation ON at 0 lA for 2 min, followed by 2 subsequent periods of stimulation, one at 200 lA (for 2 min) and the other at 400 lA (for 2 min). The stimulation schedule is shown in Figure 3 . To ensure the consistency of effects, each site with a stimulation effect was tested twice with each stimulation mode. For the behavioral analysis, an effect was considered to have occurred only if it was produced by stimulation at the same striatal site in 2 separate experimental sessions.
Behavioral Analysis
Spontaneous behaviors were observed during each experimental session for each stimulation site and were recorded using a quadravision video system designed to visualize behavior from 4 positions (lateral, dorsal, and 2 frontal). Behaviors were defined as follows: 1) resting, without other behaviors; 2) body examination; 3) grooming (cleaning fur with fingers); 4) leg, 5) arm or 6) mouth movements (normal spontaneous movements); 7) licking and/or biting fingers; 8) touching equipment; 9) vocalizations; 10) erection; 11) other (behaviors characteristic of each monkey), and 12) dyskinesias.
Dyskinesias or electrically evoked abnormal movements were defined as abnormal recurrent movements with a stereotyped pattern closely related to stimulation (i.e., movement that was abnormal for monkeys and appeared only under electrical stimulation and resolved when the stimulation was switched off). For more precise characterization of a pattern of abnormal movements, we also measured the duration of single movements (i.e., the period of time from the beginning to the end of a single abnormal movement) using ''Vigie Primates'' software (Viewpoint), which enables images recorded by video cameras to be digitized every 40 ms and shown on a computer screen.
Behavioral states were distinguished from dyskinesias and were characterized by a global or specific perturbation of the monkey's natural behavioral organization. The stimulation was considered to have produced a behavioral effect if the frequency and duration of any given behavior was statistically (see Statistical Analysis) different from control measurements (0 lA) in stimulation sessions for the same site. All types of behaviors were evaluated in 5-s segments over a control period as well as during the stimulation and poststimulation period. The frequency and duration of each behavior were quantified separately during observation of videotapes and compared with the measurements in control sessions.
Simple Food-Retrieval Task
The monkeys were trained to perform a choice task that consisted of grasping and retrieving food from an 18-well board placed in front of them. The left and right sides of the board were separated by a central plaque to avoid cross-hand errors and to ensure that the monkey would execute the task with both hands. During the training period, the monkeys learned to pick up rewards from the left and right sides of the board with their left and right hands, respectively. We counted the number of rewards retrieved. For statistical validity, 4--6 task sessions were conducted during each experimental session. We pooled data according to the type of effect and the monkey.
Location of Stimulation Sites
At the end of the experiments, the monkeys received an overdose of anesthetic drug and were transcardially perfused with 5 L of 4% paraformaldehyde. The brains were removed and immersed in phosphatebuffered saline with 20% sucrose for 48 h, frozen, and cut into 50-lm-thick frontal sections perpendicular to the intercommissural plane. The stimulation sites were reconstructed from cresyl violet--stained and calbindin immunoreactivity--stained sections of each monkey on the basis of their microdrive coordinates and traces due to the passage of the electrode. The correspondence of the stimulation site with a specific functional territory of the striatum was ascertained by comparing calbindin-immunoreactive sections of each monkey with the results of previous studies (Franc xois et al. 1994; Parent et al. 1996) . The relationship between the regions of weak and intense calbindin immunoreactivity defined, respectively, the sensorimotor and associative--limbic territories within the striatum (Franc xois et al. 1994 ). On the most anterior explored level of the striatum (from AC + 6.0 to AC + 4.0), the most ventral part corresponded to limbic territory and the dorsal part to associative territory (Fig. 1A) . On the levels from AC + 4.0 to AC + 2.5, we distinguished the functional territory as follows: the most ventral third of the striatum corresponded to limbic territory and the intermediate third corresponded to associative territory; the most dorsal third of the striatum corresponded to the most anterior part of the sensorimotor territory and was weakly labeled with calbindin (Fig. 1A) . The frontal brain sections with stimulation sites were transferred to a cartographic presentation, showing 3 anteroposterior planes from AC + 6.0 to AC -2.0.
Statistical Analysis A significant stimulation-induced effect on spontaneous behaviors was established by 2-way analysis of variance followed by appropriate post hoc comparisons. The variables (duration and frequency) were measured for each type of behavior observed. The comparisons for each variable were done between measurements obtained during the stimulation period and a close control period without stimulation. Two control periods were used, the control period preceding stimulation (when the electrode was at the same site) and following stimulation (when the electrode was at the same site or at a distance of 1 mm). A minimum of 24 measurements of duration and frequency were obtained for each analysis period by cutting the 2-min stimulation periods into segments of 5 s. The latency and the duration of poststimulation effects induced on some specific behaviors were assessed with a sliding windows procedure based on the one-tailed Wilcoxon test. The numbers of rewards retrieved under stimulation were compared with those of the control sessions using a Mann--Whitney test. Results with P < 0.05 were considered significant for all types of analyses. Where appropriate, results are expressed as mean ± standard error of the mean.
Results
Stimulation was applied at 290 sites across the anterior (AC + 6.0 to AC + 2.5) and posterior (AC -2.0) striatum (Fig. 1C) .
Stimulation of 71 striatal sites (24%) produced an effectabnormal movements at 23 sites (7% of all explored sites and 33% of all sites with an effect) and altered behavioral states at 48 sites (16% of all explored sites and 67% of all sites with an effect). In 66% of all cases in which effects were observed, an intensity of 200 lA was sufficient to produce the effect. In 34% of sites, the effect was obtained only with a stimulation intensity of 400 lA (no effect observed when stimulation of 200 lA was applied).
Histological reconstruction of stimulation sites confirmed that 7 sites were localized in posterior sensorimotor and 10 in anterior sensorimotor territories; 273 sites were localized in anterior associative and limbic functional territories of the striatum (Fig. 1A,B) .
Abnormal Movements Evoked by Long-Train Electrical Stimulation
Abnormal movements were evoked both by stimulation of the posterior striatum and by stimulation of the anterior striatum. In the posterior sensorimotor part of the striatum (AC -2), all 7
Cerebral Cortex December 2011, V 21 N 12 2735 (7/7 or 100%) tested sites produced abnormal movements (Fig.  1C) . In the anterior part of the striatum, stimulation of 16 (16/ 283 or 6%) sites evoked abnormal movements. All sites of the anterior striatum producing abnormal movements were localized in the dorsolateral part, mostly within the putamen (Fig.  1C) , which corresponds to the associative and anterior sensorimotor territory.
Abnormal movements were localized in the leg (7/23 sites or 33%), the upper limb (3/23 sites or 13%), or mouth (3/23 sites or 13%). Stimulation of 10 striatal sites produced movement simultaneously in multiple body parts (upper limb, lower limb, and/or mouth) on the same side of the body. The majority (7/10) of the sites that produced abnormal movements in multiple body parts were localized in the sensorimotor (posterior) striatum.
All electrically evoked movements were contralateral to the stimulation side and occurred in a repetitive manner during the stimulation period ( Fig. 2A) . The mean latency to onset of the abnormal movements was 3.7 ± 1.8 s (range 0--25 s).
Electrically evoked movements occurred with each stimulation train and resolved during the intertrain interval. The abnormal movements thus had a sustained dystonic-like pattern. The mean duration of individual movements was 92 ± 2 ms (85 ± 3, 99 ± 3, and 92 ± 4 ms for monkeys B, S, and Z, respectively). They were also characterized by stereotyped changing of the position of the limb part, such as hand or hip flexion, and the limbs always moved to the same position each time the movement occurred.
The movements were strictly related to the stimulation as they ended when the stimulation was stopped with the monkeys returning to a quiet resting state without apparent distress or agitation (Fig. 3A) . The tight link between stimulation offset and termination of movements indicates that the movements were indeed evoked by stimulation and were not the spontaneous movements that sometimes occurred around the stimulation period.
Behavioral Effects Induced by Long-Train Electrical Stimulation Three types of abnormal behavioral states were induced by electrical stimulation of 48 striatal sites. All types of abnormal behavioral states were evoked from the anterior part of the striatum. The stimulation was considered to have produced the behavioral state if the monkey's pattern of behavior was statistically changed compared with the control condition.
A hyperactive state was produced at 26% (13/48) of those sites eliciting a change in behavioral state ). This was characterized by an increase in the monkey's global behavioral activity (Fig. 2B) . Mean latency to onset of the hyperactive state was 8.7 ± 3.4 s (range 0--30 s). Monkeys returned to a normal behavioral pattern within 68.6 ± 15.4 s after stimulation was terminated (Fig. 3B ). All sites producing this effect were localized in the dorsal and central parts of the anterior striatum, which correspond to the associative and associative--limbic functional territories (Fig. 1B) .
Thirteen percent (6/47) of all behavioral state effects were characterized by abnormal persistence of finger licking and biting (Fig. 2C) , identified previously as stereotyped behaviors (Grabli et al. 2004; Worbe et al. 2009 ). The mean latency to onset of the effect was 25.0 ± 8.9 s (range 0--40 s) and mean duration of effect was 170.0 ± 36.0 s (Fig. 3C ). All sites producing this behavioral effect were localized in the ventral part of the anterior striatum, corresponding to the limbic functional territory. The largest proportion (62%; 29/48) of all behavioral state effects were characterized by a reduction of all types of spontaneous behavior normally exhibited in the testing environment (Fig. 2D) . We previously identified this effect as a hypoactive state ). The stimulation of 90% (27/29) of these sites induced a hypoactive state that resolved with the production of a vomiting reflex, with 33% (9/27) of these cases culminating in an episode of vomiting before the stimulation was turned off. Mean latency for the hypoactive effect was 19.5 ± 3.2 s (range 0--50 s) and the mean duration of the effect was 217.5 ± 33.6 s after the stimulation was terminated (Fig. 3D) . Histological reconstruction of the sites that produced this effect showed that all of them were localized in the most ventral part of the anterior striatum, within either the putamen or the caudate nucleus and corresponding to the limbic functional territory (Fig. 1B,C) .
There was no statistically significant difference in mean latency and mean duration of the effect between the different types of behavioral effect (P > 0.05).
Simple Food-Retrieval Task under Electrical Stimulation Simple food-retrieval task performance was tested during stimulation at 41 striatal sites and compared with a control condition without stimulation.
To exclude any nonspecific perturbation arising from the stimulation, performance was assessed during stimulation at 13 sites (13/41 or 31.7% of sites), located in both the ventral (4 sites) and the dorsal (9 sites) striatum, where the electrical stimulation had failed to produce any observable effect on behavior as assessed above. For all of these sites, the monkey retrieved 100% of rewards during stimulation as they did in the control condition. The simple food-retrieval task was also tested during stimulation at sites, where electrical stimulation produced abnormal movements (7/41 sites), hyperactive state (4 sites), and stereotyped behavior (4 sites). Despite the presence of abnormal movements or abnormal behavioral states, monkeys retrieved 100% of rewards as in control conditions. A significant perturbation of task performance was found only for stimulation at sites, where the electrical stimulation produced a hypoactive state (13 sites tested). Monkeys retrieved significantly fewer of the available rewards (mean 8/36 or 22%, P < 0.001 vs. control condition) during stimulation at sites producing a hypoactivity state. In 38% (5/ 13) of those sites, the task was arrested (i.e., the monkey did not initiate performance of the task) when the stimulation of 200 lA was applied; in 46% (6/13), the task was initiated during 200-lA stimulation, with some of the rewards being retrieved but was arrested when 400-lA stimulation was applied. Finally, at 15% (2/13) of sites, the task was initiated when a stimulation of 200 lA was applied but was rapidly arrested after 2 or 3 rewards had been retrieved due to the development of vomiting. In these cases, the effects of stimulation at 400 lA were not assessed.
Effect of Stimulation Parameters
We evaluated the influence of different stimulation parameters on the effects of stimulation at sites in the dorsal and ventral striatum where long-train duration stimulation produced either abnormal movements or a hypoactive state.
Of the 23 sites that produced abnormal movements when stimulated using the long-train stimulation, 78% (18/23) were tested with short-train stimulation and 61% (14/23) with the continuous mode of stimulation. Short-train stimulation produced effects at 89% (16/18) of sites, whereas the continuous mode of the stimulation did so only at 14% (2/14) of sites (Fig. 4A) .
Abnormal movements evoked by short-train stimulation were localized in the same body segments as those produced with long-train stimulation, but they were rhythmic, jerky, and myoclonic like. The mean latency of the movement produced with short-train stimulation was similar to that observed with long-train stimulation (Fig. 4A) . Also, as in the case of long-train stimulation, abnormal movements ended upon termination of the short-train stimulation. The principal difference in movements obtained with short-train stimulation compared with long-train stimulation was the duration of single movements (45 ± 2 ms; n = 151 movements from 3 monkeys: 41 ± 2, 52 ± 2, and 42 ± 3 ms for monkeys B, S, and Z, respectively; P < 0.0001).
For the 2 striatal sites where the continuous mode of stimulation evoked abnormal movements, the movements were localized in the same body parts as those observed with longand short-train stimulation. However, in these cases, the abnormal movements were characterized by sustained abnormal positioning of the upper limb for one site and upper and lower limb for the other site, again resolving when the stimulation was turned off.
Of the sites where long-train stimulation produced a hypoactive state, 24% (7/29) were also tested with the short-train and continuous modes of electrical stimulation (Fig. 4B) . Hypoactive state was induced by short-train stimulation at 57% (4/7) of these sites. There were no differences in behavioral expression, latency (12.5 ± 7.8 s, P = 0.45) or mean poststimulation duration (285.0 ± 82.6 s, P = 0.49) of the hypoactive state effect between the short-and long-train stimulation.
This behavioral effect was not observed during continuous stimulation for any of the 7 tested sites. However, in 42% (3/7) of the sites stimulated with this mode of stimulation, the vomiting component of the hypoactive state was observed when the stimulation was turned off.
Discussion
Electrical stimulation of the striatum was found not only to evoke abnormal movements but also to produce abnormal behavioral states. Abnormal movements were evoked by stimulation of the posterior and anterior sensorimotor territories and the anterior associative part of dorsal putamen, which is consistent with previous studies of electrical stimulation DeLong 1985a, 1985b ) and pharmacological activation induced by bicuculline injection (Crossman et al. 1988; Worbe et al. 2009 ) into the same territories of the striatum. As in our previous study, with bicuculline injections ), behavioral effects were observed after electrical stimulation of the anterior associative and limbic parts of the striatum.
Even though the general anatomical pattern of behavioral and movement effects are consistent with that observed in our bicuculline study ), there are some discrepancies in the results of these 2 studies. Namely, choreic movements were observed after bicuculline injections into the posterior sensorimotor part of the striatum, where electrical stimulation mostly induced multijoint dystonic-like or jerky movements. Also, electrical stimulation of the most medial part of the caudate nucleus failed to reproduce the sexual effects observed with bicuculline injections. Furthermore, bicuculline induced a hypoactive state mainly when it was injected into the lateral part of ventral striatum, whereas electrical stimulation throughout the ventral striatum was able to induce this state. In contrast to bicuculline microinjections, no mixed effects were observed with electrical microstimulation.
These discrepancies may have been due to the mode of action of electrical stimulation, which differs from that of pharmacological activation induced by bicuculline injection. The blockage of c-aminobutyric acid (GABA)ergic ionotropic receptors with bicuculline injection in a subregion of the striatum induces a hyperactivity of local neurons ). Electrical stimulation acts on the voltage-dependent channels localized on the axonal fibers and could directly activate several neuronal populations, such as the body and fibers of medium spiny neurons as well as the local interneurons, fibers of different afferent projections to the striatal area or fibers passing by this same area to project to a nearby striatal area. Moreover, stimulation within the striatum could also induce behavioral effects by activation of fibers passing through or near the striatum or by nonphysiological antidromic activation of cortex, thalamus, or other striatal afferents. Methodologically, we could not directly evaluate and exclude the potential contribution of antidromic activation of the afferent pathways or activation of fibers of passage to the stimulation effects. A previous study (Ranck 1975) found that axonal elements near the site of stimulation had the lowest excitability thresholds to electrical stimulation and consequently would contribute to the effects of electrical stimulation. This last possibility could explain the differences between electrical and pharmacological stimulation in terms of both the hypoactivity effect and the sexual manifestations. Thus, the large area where the hypoactive state was induced could come from activation of fiber networks widely distributed in the ventral striatum and with connections with the lateral part where a hypoactive state can be induced by pharmacological activation. On the other hand, our failure to reproduce the bicuculline-induced sexual manifestations from the medial sites of the caudate nucleus may have been because we did not study the areas through which the fibers of neurons specifically implicated in this effect pass. The stimulation of nearby areas, more anterior or posterior, might have enabled us to reproduce this effect by electric stimulation. More generally, the fact that our investigation was limited to some striatal levels will undoubtedly have minimized the behavioral effects. A more extensive exploration of the striatal functional territories could produce a range of additional behavioral effects such as oculomotor disturbances (Watanabe and Munoz 2010) or vocalizations (Ju¨rgens 1976) , as described in previous studies on monkeys. In addition, no electrical stimulation effects were observed in a central part of caudate nucleus. This part of the caudate nucleus receives projections mostly from prefrontal areas 8 and 9 (Selemon and Goldman-Rakic 1985; Yeterian and Pandya 1991) . These cortical areas, mostly implicated in oculomotor control and spatial attention mechanisms, were not explored in this study. Interestingly, similar results were observed with bicuculline activation in our previous study ).
Step-by-step stimulation of striatal sites showed that the stimulation effects could be produced from some sites and displacement of the electrode more ventrally or laterally resulted in no behavioral effect or a change in behavioral effect. The modeling of tissue activation by current spread (Ranck 1975) suggests that with the intensity of 200 lA used in our study approximately 1 mm 3 of tissue would be activated. This is in accordance with electrophysiological recording in our bicuculline study, suggesting that this tissue volume activation would be the most effective in producing behavioral effects from the striatum. Consequently, it could be suggested that stimulation effects were mostly obtained by striatal tissue activation and not by current spread to the neighboring structures or by activation of nonspecific striatal territories. Moreover, the fact that similar effects were evoked by bicuculline and electrical stimulation could reflect the general circuit membership of a striatal site, including afferent and efferent projections.
The results of this study underline the crucial role of stimulation parameters. Specifically, long-train stimulation was more effective than either short-train or continuous stimulation, and the nature of the effect was influenced by whether stimulation was delivered in short-or long-duration trains or continuously. A previous study (Farber et al. 1997) showed that different stimulation parameters, namely electrical impulse duration, could selectively activate one or another interneuron populations or axonal terminals, mostly glumatergic, and dopaminergic. Alternatively, electrophysiological data obtained from the anterior striatum showed that both self-initiated movements and reward delivery were preceded by a progressive build up of neuronal activity of a large set of striatal neurons (Schultz and Romo 1988; Schultz 1994) , followed by an abrupt shutdown of neuronal activity when the behavioral response was initiated . Assuming that stimulation with a train of 700 ms followed by a pause of 300 ms, as used in our experiments, is able to induce a progressive increase of local neural activity, longtrain stimulation could induce increased activity of a large population of neurons followed by a decrease of activity with the end of the stimulation train. This alternating pattern of increase and decrease of neuronal activity may be particularly effective at evoking a behavioral response to electrical stimulation.
The importance of neuronal discharge followed by a period of inactivity would help explain the relative ineffectiveness of continuous stimulation in our experiments. Indeed, the only effects obtained with continuous stimulation involved either a sustained alteration in limb position or vomiting, and the latter was observed only when the stimulation was turned off, presumably corresponding to the abrupt shutdown of neuronal activity.
The presumably similar pattern of neuronal activation induced by electrical stimulation produced different effects when delivered in different functional territories of the striatum. The dorsal part of the anterior striatum, receiving mostly cortical afferents from the dorsolateral prefrontal, parietal, and supplementary motor cortex (Cavada and Goldman-Rakic 1991; Yeterian and Pandya 1991; Inase et al. 1999 ) was strongly linked to movement selection and preparation (Romo, Scarnati, et al. 1992; . This fits well with the principal effects observed during electrical stimulation of the dorsal striatum, namely the hyperactivity state (mostly with stimulation of the caudate nucleus) and abnormal movements (mostly with stimulation of the putamen).
Although the abnormal movements in our study were evoked with both long-and short-train electrical stimulation, there were some differences in the characteristics of the movements evoked. Short-train stimulation produced jerky myoclonic-like movements that were consistent with the abnormal movements observed in the study of DeLong (1985a, 1985b) with the same train duration. Longtrain stimulation produced complex, multijoint, or sustained postural movements in the same body segments. Such a distinction between complex and simple movements was also shown by stimulation of the motor cortex with long and short stimulation trains (Graziano et al. 2002 (Graziano et al. , 2005 Cooke et al. 2003) . The fact that different types of movements could be produced by electrical stimulation from the same striatal site could be explained by the different pattern of neuronal discharge imposed by long-and short-train stimulation.
The ventral striatum, receiving projections from limbic cortical areas, such as the orbitofrontal, anterior cingulate and insular cortices, the amygdala, and the hippocampus (Haber et al. 1995; Ferry et al. 2000; Fudge et al. 2002) , is known to process emotional and motivational information. Electrophysiological recordings in monkeys place the ventral striatum at the top of the list of structures involved in anticipation and detection of primary rewards, as well as conditioned stimuli associated with rewards Hollerman et al. 1998 ). Consequently, the expected effect of electrical activation of the ventral striatum might be an exaggerated motivational state for food. In contrast to this expectation, 2 principal effects of electrical stimulation of the ventral striatum-a hypoactivity state with loss of motivation for food and stereotyped behavior-are more suggestive of expression of an aversive state or oversatiety state ). These data support previous observations in animal studies suggesting that aversive reaction could directly result from activation of the ventral striatum (Schoenbaum and Setlow 2003; Yanagimoto and Maeda 2003) . This surprising effect of electrical stimulation might be explained by activation of a subpopulation of striatal neurons specifically involved in aversive anticipation that could be directly implicated in the genesis of aversive states (Jensen et al. 2003; Tremblay et al. 2009 ). The fact that, in patients undergoing therapeutic DBS, intraoperative stimulation of the ventral striatum was also able to produce aversive states such as fear and panic attack (Shapira et al. 2006; Okun et al. 2007) or apathy and depression (Flaherty et al. 2005 ) is also in accordance with this hypothesis.
The specific modulation of food motivation by stimulation of the ventral striatum in our monkey model could also arise from the direct activation of projections from the ventral striatum to the substantia nigra and ventral tegmental area (Haber et al. 2000) , resulting in a reduction of the activity of the dopaminergic mesolimbic neurons. As activation of the mesolimbic pathway was shown to remove inhibition of orexigenic neurons in the lateral hypothalamus and promote subsequent recruitment of motor pattern generators associated with feeding (Kelley et al. 2005; Morton et al. 2006) , it is plausible to conclude that hypoactivity of the mesolimbic circuit would result in an anorexic effect. A more detailed study of the mechanisms underlying the genesis of an aversive reaction from the ventral striatum could heighten our understanding of the pathophysiology of disorders such as anxiety and panic attacks, obsessive--compulsive disorder, depression, anorexia, and other food-intake disorders.
In conclusion, just as frequency and intensity, continuous and discontinuous modes of electrical stimulation could influence differently the local population of stimulated striatal neurons. The absence of behavioral effects when using a continuous stimulation mode could have therapeutic implications for patients undergoing DBS. As previously shown in monkeys (Baup et al. 2008) , continuous stimulation of the subthalamic nucleus produced an arrest of abnormal behaviors and produced adverse effects such as an abnormal movement with a stronger current. Consequently, for a given stimulation site, current intensity and stimulation mode could each have beneficial or adverse effects or both.
A discontinuous mode of stimulation appears to be more effective for producing different behavioral states and movements depending on the striatal site and could therefore be a useful exploratory tool for behavioral mapping of the striatum.
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